Quantitative real-time PCR (qPCR) may improve the detection of fungal pathogens. Extraction of DNA from fungal pathogens is fundamental to optimization of qPCR; however, the loss of fungal DNA during the extraction process is a major limitation to molecular diagnostic tools for pathogenic fungi. We therefore studied representative automated and manual extraction methods for Aspergillus fumigatus and Rhizopus oryzae. Both were analyzed by qPCR for their ability to extract DNA from propagules and germinated hyphal elements (GHE). The limit of detection of A. fumigatus and R. oryzae GHE in bronchoalveolar lavage (BAL) fluid with either extraction method was 1 GHE/ml. Both methods efficiently extracted DNA from A. fumigatus, with a limit of detection of 1 ؋ 10 2 conidia. Extraction of R. oryzae by the manual method resulted in a limit of detection of 1 ؋ 10 3 sporangiospores. However, extraction with the automated method resulted in a limit of detection of 1 ؋ 10 1 sporangiospores. The amount of time to process 24 samples by the automated method was 2.5 h prior to transferring for automation, 1.3 h of automation, and 10 min postautomation, resulting in a total time of 4 h. The total time required for the manual method was 5.25 h. The automated and manual methods were similar in sensitivity for DNA extraction from A. fumigatus conidia and GHE. For R. oryzae, the automated method was more sensitive for DNA extraction of sporangiospores, while the manual method was more sensitive for GHE in BAL fluid.
The detection and identification of medically important filamentous fungi in immunocompromised and diabetic patients may be limited by low sensitivity and time-consuming methods. Invasive pulmonary aspergillosis is an important cause of morbidity and mortality in patients with hematological malignancy and transplantation (1, 3, 7, 14, 23, 24, 28, 29) . The most common cause of invasive infection by an Aspergillus species is infection by Aspergillus fumigatus (31, 38) . When the organism is inhaled by an immunocompromised host, uninhibited germination of conidia into hyphae may result in pulmonary tissue hemorrhage and infarction (35) . However, the diagnostic yield of bronchoalveolar lavage (BAL) fluid for the diagnosis of invasive pulmonary aspergillosis using conventional microbiological methods is relatively low (33, 36) .
The number of cases of zygomycosis has increased over the last six decades, making diagnosis of these infections a necessity (20, 32, 34) . In the immunocompromised host, rapid progression of pneumonia and dissemination are frequently due to the inhalation of sporangiospores, which contributes to the high mortality rate (76%), underscoring the urgency of making a rapid and accurate diagnosis of pulmonary zygomycosis (16, 17, 27, 32) . Even when both culture and histopathologic analysis of BAL fluid are performed, many suspected infections are not confirmed. Roden et al. found that Rhizopus spp. were the most commonly recovered organisms among 218 microbiologically defined infections (32) . Given the increase in the number of these infections in recent years, a molecular approach to detection of zygomycete molds may increase sensitivity and rapid diagnosis, resulting in earlier therapy.
Thus, there is a need for the development of more sensitive and more rapid techniques that would aid in the early diagnosis of patients with these life-threatening infections and improve clinical outcomes. Currently, the use of real-time PCR is a standard method accepted for the detection of nucleic acids from many microorganisms in clinical samples. Although widely used for detection of many viruses and mycobacteria, quantitative real-time PCR (qPCR) is not yet similarly accepted in clinical mycology laboratories. A lack of standardized methods for diagnostic PCR of medically important fungi has led to divergent results (4) . Nevertheless, the application of diagnostic PCR to BAL fluid in immunocompromised patients with suspected fungal pneumonia appears to be promising (5, 15, 19) .
The use of an efficient, rapid, standardized method of DNA extraction from the pathogen is a fundamental component for the optimization and reproducibility of qPCR assays (15, 18) . The sensitivity of any PCR assay for the detection of fungal pathogens ultimately depends on efficient lysis of fungal cells from biological samples and purification of DNA that is free of inhibitors (11) . Filamentous fungi have complex cell walls consisting of chitin, (133)-␤-D-glucan, (136)-␤-glucan, lipids, and peptides that are difficult to disrupt, thus requiring rigor-ous extraction methods. These methods are time-consuming and therefore reduce the ability for rapid diagnosis. The efficiency of extraction of fungal DNA may vary considerably depending on the method chosen (9, 11, 13, 15, 25) . Thus, the extraction method chosen may often represent a compromise between efficiency, lack of exogenous contamination, and the ability to be adapted by routine high-throughput laboratories (15) .
The development and availability of automated techniques for DNA extraction and product detection may facilitate fungal DNA detection in clinical diagnostic laboratories (4, 15) . Thus, given the importance of developing optimal DNA extraction methods for diagnostic PCR assays, we investigated both automated and manual methods for their ability to extract DNA from germinated hyphal elements (GHE) of A. fumigatus and Rhizopus oryzae in normal rabbit BAL fluid. BAL fluid was selected because it is a common clinical specimen submitted for detection of fungi causing lower respiratory tract infections and in which the organism may exist as GHE and spores. DNA also was extracted from conidia and sporangiospores for quantitation from fungal propagules. The analytical yield and sensitivity of each extraction method were determined by qPCR.
MATERIALS AND METHODS

Organism.
The organisms, A. fumigatus (NCI 4215, ATCC MYA-1163) and R. oryzae (NCI 98), were subcultured from frozen slants (stored at Ϫ70°C) onto Sabouraud dextrose agar slants (K-D Medical, Inc., Columbia, MD) and incubated for 24 h at 37°C. The slants were then incubated at room temperature for an additional 5 days before harvesting. Conidia and sporangiospores were harvested under a laminar airflow hood with a solution of 0.025% Tween 20 (Fisher Scientific, Fair Lawn, NJ) in normal saline (K-D Medical, Inc., Columbia, MD), filtered, washed, and counted on a hemacytometer.
DNA extraction of GHE in normal rabbit BAL fluid. BAL fluid was obtained as previously described (30) . A. fumigatus and R. oryzae samples were set up in triplicate using a 24-well flat-bottom plate (Corning, Corning, NY). The following were added to each well: 800 l normal rabbit BAL fluid, 200 l yeast nitrogen broth (KD Medical, Columbia, MD), gentamicin (20 g/ml; Hospira, Inc., Lake Forest, IL), vancomycin (20 g/ml; Hospira, Inc., Lake Forest, IL), and 100 l of conidia or sporangiospores (10 ). Normal rabbit BAL fluid samples, without any organism, were set up as negative controls using the same growth medium as described above. Samples were incubated at 37°C for 24 h. Germination was confirmed by visual inspection using an inverted microscope. Following incubation, the contents were harvested from individual wells and placed into Fast Prep Lysing Matrix D (LMD) tubes (Q ⅐ BIOgene/MP Biomedical, Morgan Irvine, CA) containing no lysing matrix (LM). Each well was subsequently rinsed with 200 l phosphate-buffered saline (PBS) (Quality Biological, Inc., Gaithersburg, MD), and the well contents were added to corresponding samples for DNA extraction. DNA extraction was performed immediately after harvesting in an AirClean PCR work station (AirClean Systems, Raleigh, NC).
Automated DNA extraction method. The MagNA Pure LC system can purify DNA from different biological samples by incorporating cell disruption and protein digestion, DNA binding to magnetic glass particles, removal of cellular debris by extensive washing, magnetic separation of the bead-DNA complex, and DNA elution.
BAL fluid samples were centrifuged for 10 min at 16,000 ϫ g, and supernatants were discarded. An aliquot of 150 l of spheroplast buffer ( , and LM were added to each specimen. Samples were briefly vortexed and incubated at 30°C for 5 min at 1,200 rpm in an Eppendorf thermomixer (Eppendorf, Westbury, NY). Mixing was terminated and sample incubation continued for 25 min. Samples were processed using a Fast Prep instrument (Q ⅐ BIOgene/MP Biomedical, Morgan Irvine, CA) at speed 5 for 30 s and placed on ice for 5 min; this process was performed a total of three times. Samples were equilibrated to room temperature and centrifuged for 1 min at 1,000 ϫ g. The samples were then processed with a MagNA Pure LC instrument using a MagNA Pure LC DNA isolation kit III (bacteria, fungi) (Roche Applied Science, Indianapolis, IN) as recommended by the manufacturer. Samples were eluted in 100 l of kit elution buffer.
Manual DNA extraction method. The DNeasy Plant minikit is a spin column procedure that incorporates sample lysis, removal of RNA, removal of proteins and polysaccharides, DNA precipitation, and binding to the spin column membrane. Multiple washes are performed to remove contaminants, and DNA is then eluted from the membrane.
BAL fluid samples were centrifuged for 10 min at 16,000 ϫ g, and supernatants were discarded. The samples were gently resuspended in 100 l spheroplast buffer plus 10 l of lysing enzymes and incubated at 30°C in an Eppendorf thermomixer for 45 min at 1,200 rpm. After centrifugation for 20 min at 400 ϫ g, the spheroplast-BAL fluid pellets were resuspended in 400 l AP1 buffer (DNeasy Plant minikit, Qiagen, Valencia, CA). The samples were added to LMD tubes, processed using a Fast Prep instrument at speed 5 for 30 s, and placed on ice for 5 min (25) . This process was performed a total of three times. Samples were centrifuged at 16,000 ϫ g for 60 s and then gently vortexed. The specimens (approximately 300 l) were transferred to new tubes. The beads in the LMD tubes were rinsed with 100 l AP1 buffer, and this wash was added to each corresponding sample (resulting in a 400-l final volume). Four microliters of RNase A (100 mg/ml) was added to each sample, vortexed vigorously, and incubated for 10 min at 65°C in an Eppendorf thermomixer at 1,200 rpm. The samples were further processed according to the DNeasy Plant minikit (Qiagen, Valencia, CA) protocol with the following modification: after 200 l preheated (65°C) AE buffer was applied to the column, the entire apparatus (column and collection tube) was heated at 65°C in the Eppendorf thermomixer for 5 min (10, 26) .
DNA extraction from conidia and sporangiospores. All DNA samples were extracted in an AirClean PCR work station. Genomic DNA was extracted from 10-fold serial dilutions (10 oryzae sporangiospores suspended in PBS. An aliquot of 100 l of each conidial or spore dilution was placed in LMD tubes without LM and centrifuged for 10 min at 16,000 ϫ g. The supernatant was gently removed from each sample, and samples were further processed by either the automated or manual method as described above.
qPCR assays. When extracting with the automated method, the final eluate frequently may have residual cellular debris and a slight red color related to the magnetic particles [Roche Applied Science, MagNA Pure LC DNA isolation kit III (bacteria, fungi) user manual]. Therefore, prior to qPCR, all samples extracted by either method were briefly vortexed and then centrifuged for 45 s at 4,500 ϫ g to pellet any particulates that might be present. If samples were not centrifuged prior to qPCR, inhibition was often observed. An aliquot of 5 l was drawn from the surface of each DNA specimen and added to 15 l of master mix for qPCR. The master mixes were prepared in a biosafety cabinet located in a room different from where DNA extractions were performed. LightCycler carousel loading was performed in a room separate from where the PCR master mix was prepared.
Aspergillus fumigatus PCR assay. Both methods were analyzed for efficiency of DNA extraction from A. fumigatus conidia and GHE using the A. fumigatusspecific qPCR assay described previously (10, 26) . Briefly, the PCR master mix consisted of 0.5 M of each of the primers (Cap positive sense, 5ЈCGAAGAC CCCAACATG3Ј; Cap negative sense, 5ЈTGAGGGCAGCAATGAC3Ј), 5 mM MgCl 2 , 0.025% bovine serum albumin (Sigma), 0.025 U/ml Platinum Taq DNA polymerase (Invitrogen Corp., Carlsbad, CA), 10ϫ PCR buffer (Invitrogen Corp., Carlsbad, CA), 0.2 mM PCR Nucleotide Mix Plus (1 dATP, dCTP, dGTP, and 3 dUTP in proportionate ratios; Roche Applied Science, Indianapolis, IN), and 0.1 M each of the fluorescein (5ЈAGTATGCAGTCTGAGTTGATTATC G3Ј) and LC Red-640 (5ЈATCAGTTAAAACTTTCAACAACGGA3Ј) probes. To prevent potential amplicon carryover, each reaction mixture also contained HK-UNG thermostable uracil N-glycosylase (Epicenter, Madison, WI) as recommended by the manufacturer. Each reaction mixture contained a 5-l aliquot of extracted specimen, together with 15 l of the master mix. The LightCycler 2.0 instrument (Roche Applied Science) was used with the following cycling conditions: uracil activation at 37°C for 180 s and uracil heat inactivation at 95°C for 60 s for 1 cycle; amplification cycles of denaturation at 95°C for 0 s (slope, 20°C/s), annealing at 58°C for 3 s (slope, 10°C/s), extension at 72°C for 15 s (slope, 3°C/s), and cool down at 40°C for 120 s. The total number of cycles was 45. Quantitation standards (10-fold serial dilutions of A. fumigatus genomic DNA ranging from 1 ϫ 10 5 fg to 1 ϫ 10 3 fg) and a set of negative controls were run in conjunction with each set of samples. The amplicon generated was 253 bp in size. A crossover value of Յ36 cycles was considered positive (10). Inhibition studies. Separate PCRs were performed on all samples to test for any inhibitors of PCR. A master mix consisting of the A. fumigatus primers/ probes, A. fumigatus genomic DNA, and R. oryzae sample DNA was used as described above to test for inhibitors in the R. oryzae samples. Conversely, the master mix consisting of the R. oryzae primers/probes, R. oryzae genomic DNA, and A. fumigatus sample DNA was used as described above to test for inhibitors in the A. fumigatus samples. Presence of inhibitors was determined by comparing the amplification efficiency of the spiked genomic DNA in the same reaction with the extracted experimental DNA samples against reaction mixtures containing just water. The presence of inhibition would result in a higher crossover value than those of water samples. No inhibition was observed in any of the samples.
Statistical analysis. Data are expressed as means and standard errors of the means. Sensitivity was assessed using categorical variables in two-by-two tables. Differences in proportions were determined by Fisher's exact test. Yields of DNA from the two methods were assessed by differences in continuous variables measured by the Mann-Whitney U test. A P value of Յ0.05 was considered significant.
RESULTS
Extraction of DNA from Aspergillus fumigatus conidia and GHE. Both methods extracted DNA from A. fumigatus conidia in PBS, resulting in a lower limit of detection of 1 ϫ 10 2 conidia. There was no significant difference in the amount of DNA amplified at this level of detection (Fig. 1A) . When DNA was extracted from A. fumigatus GHE in BAL fluid, both extraction methods resulted in a level of detection of 1 ϫ 10 0 GHE/ml (Fig. 1B) . At this level of detection, the automated method demonstrated a trend toward greater sensitivity in percent yield of positive samples (P ϭ 0.08) ( Table 1) . At a given concentration of 1 GHE/ml, the automated method extracted more DNA than did the manual method (P ϭ 0.008) (Fig. 1B) .
Extraction of DNA from Rhizopus oryzae sporangiospores and GHE. Extraction of DNA from R. oryzae sporangiospores in PBS by the manual method resulted in a level of detection of 1 ϫ 10 3 sporangiospores (Table 1) , whereas extraction by the automated method resulted in a level of detection of 1 ϫ 10 1 sporangiospores (Table 1 ). In addition, significantly more DNA (P Յ 0.008) was amplified at sporangiospore levels of 1 ϫ 10 4 ,1 ϫ 10 3 , and 1 ϫ 10 2 with the automated method (Fig.  1C) . When DNA was extracted from R. oryzae GHE, both extraction methods resulted in a level of detection of 1 ϫ 10 0 GHE/ml (Table 1) . At this level of detection, however, the manual method demonstrated greater sensitivity in percent yield of positive samples (P ϭ 0.005) and recovered significantly more DNA (P ϭ 0.0006) (Fig. 1D) .
Sample processing time. The amount of time to process 24 samples by the automated method was 2.5 h for sample collection, enzymatic pretreatment, and mechanical disruption prior to transferring for automation. The time of automation was 1.3 h by the MagNA Pure LC instrument followed by 10 min postautomation, resulting in a total time of 4 h. The total time required for the manual method was 5.25 h, which included sample collection, enzymatic pretreatment, mechanical disruption, and further processing with the DNeasy Plant minikit.
DISCUSSION
The methods for DNA extraction from fungi for clinical detection have long been ignored. Yet, the loss of as much as 99.9% of fungal DNA during the extraction process is a major limitation to the analytical sensitivity of diagnostic PCR for invasive apergillosis and other life-threatening mycoses.
Due to the limitations of the techniques currently used to diagnose invasive pulmonary aspergillosis and invasive pulmonary zygomycosis, there is a need for more sensitive, nonculture-based techniques such as PCR. One parameter, which influences the clinical usefulness of PCR, is the ability to efficiently isolate DNA from a clinical sample. This paper describes two different DNA extraction methods that can be used for A. fumigatus, the most common Aspergillus species causing invasive pulmonary aspergillosis, and R. oryzae, an increasingly important cause of zygomycosis. The data from this study demonstrate that both methods are comparable. However, the automated method is faster and can be used for high-throughput clinical laboratories. To our knowledge, this is the first study to investigate these two medically important fungi for the extraction of DNA from BAL fluid using automated and manual methods. Understanding these methods and their comparative yields improves the use of these systems in clinical laboratories.
To date, there is no standardized PCR method for the detection of fungal pathogens. The lack of standardization is due in part to the uncertainty about the optimal sample (e.g., blood, serum, plasma, tissue, or BAL fluid) and inconsistency between DNA extraction methods (6). There is a need for more time-efficient automated DNA extraction methods for fungi that may be standardized and that may decrease work burden (6, 18) . The ability to detect fungal pathogens in clinical samples by qPCR requires extraction methods that can efficiently lyse their cell walls.
The structure of the fungal cell wall is highly complex compared to the structures of mammalian cell membranes and bacterial cell walls (18) . The fungal cell wall consists of ␣-and ␤-(133)-glucans, ␤-(136)-glucans, chitin, galactomannan, mannans, mannoproteins, lipids, and peptides. Due to the complexity of the fungal cell wall, conventional methods employed for extracting DNA from viruses and bacteria may not be suitable for the extraction of DNA from these complex organisms.
No single DNA extraction method is optimal for the efficient extraction of all fungi. Therefore, in addition to some type of enzymatic and or mechanical pretreatment, modifications of kit protocols may be necessary (11, 18, 26) . The manual DNA extraction methods described in the literature for filamentous fungi tend to be labor-intensive and time-consuming, rendering them unsuitable for high-throughput diagnostic laboratories (8, 9, 11, 13, 18, 21, 22, 25, 26) . When small numbers of samples need to be processed, our laboratory uses the manual DNA extraction method incorporating enzymatic pretreatment and mechanical disruption with a modified version of the DNeasy Plant minikit protocol (25, 26) . The DNeasy Plant minikit is a spin column procedure that incorporates sample lysis, removal of RNA, removal of proteins and polysaccharides, DNA precipitation, and binding to the spin column membrane. Multiple washes are performed to remove contaminants, and DNA is then eluted from the membrane.
The automated or manual method may be suitable for DNA The evolution of molecular diagnostics for mycology is advancing with the development of fully automated platforms which have the ability to extract DNA from fungi (8, 13, 19, 21) . We investigated the MagNA Pure LC instrument, a widely used fully automated closed system, for DNA extraction. This device can purify DNA from different biological samples utilizing magnetic bead technology. Although MagNA Pure technology has been applied to blood and tissue for the detection of yeasts and filamentous fungi, little has been known about the comparative application of automated and manual technologies for detection of conidia and GHE of Aspergillus spp. and Rhizopus spp. from lower respiratory tract specimens, particularly BAL fluid. BAL fluid was used in these studies because it is a common specimen chosen for analysis by clinical microbiology laboratories for the detection of organisms in patients with fungal pneumonia.
The automated and manual DNA extraction methods described in this study effectively extracted DNA from A. fumigatus and R. oryzae fungal propagules and GHE in BAL fluid. Depending on the cellular stage of growth of the organism, BAL fluid samples may contain a combination of GHE and spores (2, 12) . Our data demonstrate that both DNA extraction methods can efficiently extract DNA from A. fumigatus conidia at the same level of detection with no significant difference in sensitivity. In addition, no significant difference in sensitivity was shown between DNA extraction methods when extracting DNA from A. fumigatus GHE. Therefore, when extracting BAL fluid samples that may contain diverse forms of A. fumigatus, either method could be implemented. When extracting DNA from R. oryzae sporangiospores, the automated method demonstrated greater sensitivity in percent yield of positive samples. The extraction of BAL fluid samples containing at least 10 GHE of R. oryzae with both the automated and manual methods showed similar sensitivity. However, at the lower limit of detection (1 GHE), the manual method showed better sensitivity. Thus, either the automated or manual method may be suitable for DNA extraction from BAL fluid containing mixed fungal elements of R. oryzae.
In analyzing the data from these studies, a distinction was made between sample sensitivity and absolute yield of DNA per sample. The automated method resulted in similar or greater quantities of DNA extracted for Aspergillus and Rhizopus propagules and Aspergillus GHE. Greater quantities of DNA may be extracted from these types of samples using the automated method because unlike the manual method, following enzymatic treatment, the automated method does not incorporate a centrifugation step and subsequent removal of supernatant. Hence, the entire sample is carried through the automated extraction method. The centrifugation step and removal of supernatant in the manual method may result in the loss of organism and therefore the isolation of less DNA using the manual method.
The manual method resulted in similar or greater quantities of DNA extracted for Rhizopus GHE. There may be several factors contributing to these differences. By visual inspection with an inverted microscope, the hyphal elements of A. fumigatus were narrow, septate, and dichotomously branched with uniform diameter, whereas the R. oryzae hyphal elements were broad, bulky, and sparsely septate with nonparallel irregular branching. Therefore, when R. oryzae GHE were processed, there likely would have been denser cellular debris in these samples. The manual method incorporates a filtration and homogenization unit designed to help remove cellular debris and precipitates, which may interfere with efficient DNA isolation from zygomycetes such as Rhizopus spp. By comparison, the automated method does not include a filtration and homogenization unit for the removal of cellular debris and precipitates. Therefore, any cellular debris not removed by the repeated washing of the magnetic glass particles used in the automated method may reduce the efficiency of isolation. At the lower level of detection there may be such a small amount of DNA extracted that any cellular debris may have affected the ability of the DNA to bind to the magnetic glass particles, resulting in the isolation of less DNA by the automated method. Conversely, at the higher cellular concentrations there may be so much DNA that the cellular debris has a minimal effect on the amount of DNA obtained. (8) 86 ( (7) 100 (7) 1 ϫ 10 2 100 (7) 100 (7) 1 ϫ 10 1 100 (7) 100 (7) Even with the implementation of the enzymatic pretreatment and mechanical disruption, the automated method was still 1.25 h faster than the manual method when extracting 24 samples. For this reason, the automated method is an encouraging option for high-throughput laboratories with a need to extract DNA from filamentous fungi in multiple clinical samples. The manual method remains a useful option when small numbers of samples need to be processed.
The MagNA Pure technology reduces the number of manual steps needed for DNA extraction from various types of samples. However, when using it to extract DNA from fungi, additional manual steps need to be incorporated. This instrument can extract up to 32 samples at one time, therefore making it more time-efficient than manual methods. The automated method has been implemented in our laboratory for highthroughput extraction of in vivo samples. As we transfer our PCR technology for detection of Aspergillus and zygomycetes to the clinical laboratory, the manual method of extraction will be incorporated for the relatively small number of BAL fluid samples submitted daily.
These data provide a foundation for the use of either an automated or manual method of DNA extraction of BAL fluid samples from immunocompromised patients for whom a diagnosis of pulmonary aspergillosis or zygomycosis is being considered. The automated method is more time-efficient when extracting 24 samples and demonstrates equal or greater levels of detection. The automated DNA extraction method may provide a favorable option for high-throughput clinical laboratories. The manual method is useful if small numbers of samples need to be processed.
